Epilepsy is a term used to describe over 40 different human seizure disorders that vary in clinical and electroencephalographic (EEG) characteristics. It is one of the most common neurological disorders and occurs in about 1% of the population, independent of geography, ethnicity, or gender.
Genetics
Genetic influences contribute to the etiology of many epilepsy phenotypes in humans and animals. The influence of genetics on the etiology of human epilepsy is supported by rigorous epidemiological and genetic linkage data collected using classic family and twin study designs. Several types of human (and animal) epilepsy cluster in families with predictable inheritance patterns. These disorders are caused by mutation in a single gene (monogenic epilepsy), several of which have been identified. 2 However, monogenic forms of epilepsy are rare, accounting for only 1-5% of all epilepsy cases. Common forms of human epilepsy have complex inheritance patterns due to variation in multiple genes interacting with environmental factors, which together increase susceptibility to seizures and result in epilepsy. In an effort to identify genetic influences on complex common forms of epilepsy, a number of complementary experimental approaches have been pursued in both animal models and human patient populations. This article highlights some of the successful paradigms employed to identify genetic variation linked to or associated with seizure susceptibility in animals and epilepsy in humans.
Animal Models
For many years, breeders of purebred dogs have known that genetic influences play a major role in predisposition for epilepsy, as certain breeds are at high risk and selective breeding successfully avoids seizure disorders in progeny derived from non-epileptic parents.
Molecular genetic studies are under way to identify these gene variations in canine breeds and once identified their homologs in human patients can be studied in detail. 3 Other examples of animals with documented spontaneous seizures likely caused by genetic mutation include mice, rats, gerbils, baboons, and even fruit flies.
While studies of all of these species have made important contributions, mice are the most widely used animal model for genetic epilepsy research.
The Mouse
Mice are similar to humans with respect to physiology, anatomy, and 
Human Epilepsy
Despite recent advances in the development of antiepileptic medications, clinical management of epilepsy is often complicated and adequate control of symptoms is difficult to maintain. 13 30 Another large linkage study on IGE involving 96 families found strong evidence for a locus common to most IGEs on chr 18 and other loci that may influence specific seizure phenotypes for different IGEs, including a locus on chr 6 for juvenile myoclonic epilepsy (JME), a locus on chr 8 for non-JME forms of IGE, and weaker evidence for linkage of absence seizures to loci on chr 5. 31 In a genome-wide linkage study of 130 IGE families, results revealed significant evidence for a novel IGE susceptibility locus on chr 3q26 and suggestive evidence for IGE loci on chr 14q23 and 2q36. 32 The first linkage study in a common form of epilepsy involved families with JME and is credited with generating initial evidence for an IGE susceptibility locus on chr 6 in or around the major histocompatibility (HLA) region of chr 6. 33 This locus has since been the focus of intensive study and some controversy. 34, 35 Overall, it is evident that there is low correspondence between the results of previously published full genome linkage studies in epilepsy.
More 
CACNA1H
, 39 and CLCN2. 40 It is noteworthy that most of the mutations discovered in the families segregating epilepsy as a single-gene trait are found in genes that encode ion channels or that encode neurotransmitter receptors linked directly to ion channels. As a result of such discoveries, a dominant perspective on the pathogenesis of epilepsy is that it is related in part to ion channel dysfunction. Another non-ion-channel gene linked to epilepsy is EFHC1. This gene encodes a novel axonemal protein and, although mutations in it have been identified as a cause of JME, [44] [45] there is no clear mechanism established by which such defects result in epilepsy.
LGI1 is another gene that has been shown to cause epilepsy when mutated, 46, 47 as is BRD2. 48 This latter gene has been suggested to contribute to linkage signals on chr 6. 33 Again, however, the largely unknown function of the product of these genes has hindered attempts to use the discoveries to gain useful insight into the etiology of epilepsy.
Thus, although a number of rare, single-gene forms of epilepsy involve defects in proteins related to ion flux, it is clear that epilepsy is more than simply a disorder of channels (or a series of ion channelopathies) and that genes encoding molecules involved in diverse aspects of cell biology may lead to dysfunction of neurons and/or their connections and cause epilepsy when mutated.
Genetic Association Studies
The majority of genetic studies on common forms of human epilepsy involve association analysis of candidate genes. In general, these studies have examined the association between one or more polymorphisms of a candidate gene and various epilepsy phenotypes.
Candidate Of the numerous case-control studies reported, the largest and most comprehensive is a recent study of 279 prime candidate epilepsy susceptibility genes in 2,700 patients with various types of epilepsy and 1,100 controls recruited from four different geographical regions across the world. 50 Although this latter study uncovered several interesting genes for further study, including KCNAB1, KCNMB4, GABRR2, ALDH5A1, and SYN2, there were no strong findings reported, probably because genetic susceptibilities are ethnicity-specific, thus reducing the effective power of the study.
As discussed above, one of the only independently confirmed genetic associations in epilepsy involves KCNJ10. 11, 12 Given the current state of genetic analysis of the epilepsies, 45 whole-genome association studies offer one of the next best methodologies to potentially identify the genetic determinants of complex common forms of human epilepsy.
Heterogeneity
There is substantial literature support for the concept that genetic factors affect risk for common forms of epilepsy. It is generally believed that in any genetic study, the more homogeneous the patient cohort with respect to phenotype, the more power the method will have to detect genes of influence. However, it is also clear that divergent epilepsy subtypes and endophenotypes from various syndromes may have some predisposing genetic factors in common.
Animal models that approximate both focal and generalized epilepsy share certain genetic susceptibility loci).
9,10
Human epidemiological studies support this notion as well, and evidence suggests that some genetic factors are relevant to divergent epilepsy types. 51 For example, about 30% of individuals who suffer from childhood absence epilepsy (CAE) go on to develop myoclonic epilepsy as adults (JME). In another recent study, the type of epilepsy was documented for affected first-degree relatives of an epilepsy patient (proband). In about 30% of the cases, the first-degree relative suffered from a different epilepsy subtype or syndrome compared with the proband. 52 Thus, studying cohorts of patients with diverse common forms of epilepsy may identify genetic predisposition to seizure susceptibility in general, whereas studying homogeneous patient cohorts may lead to the discovery of genetic factors that influence a specific subtype or symptom of epilepsy. 53 
Rare versus Common Variations
An unresolved issue for those studying genetic influences on human epilepsy is whether the causal genetic variations are common or rare.
The typical genetic association study is designed to collect data on gene variations that occur with a minor allele frequency of 5% or greater, i.e. common variations that many in the population share.
The rationale for expecting that some common gene variations are linked to or associated with epilepsy is supported by the observation that many patients with the same or similar kinds of seizure disorder exhibit consistent electrographic and behavioral deficits that are diagnostic for specific epilepsy subtypes or syndromes. This is exemplified in patients with CAE as they typically exhibit extremely consistent EEG patterns of 2-5Hz spike and wave activity. It is reasonable to suggest that these similar endophenotypes have a common precipitating factor and that individuals with CAE may share some universal genetic variation that would contribute to the consistently observed EEG abnormalities.
In contrast to the idea that common gene variation underlies susceptibility to common forms of epilepsy, it is also possible that rare gene mutations are responsible. If rare mutations in genes of large effect lead to common forms of epilepsy, linkage and association studies as currently employed will not be useful to identify them. In a practical sense, this would be a major setback for prospects of identifying epilepsy-causing gene mutations. Even though DNA sequencing technology is advancing rapidly and it is now possible to sequence the entire genome of an individual in five working days (at a cost of ~US$70,000), the results of such sequencing would be difficult to utilize. If rare variations in candidate genes for epilepsy were found by intensive sequencing, there would still be no proof that these are causal of the epilepsy phenotype.
Indeed, until the entire genome of an individual can be sequenced and analyzed in a short time-frame at a reasonable cost (e.g. one month, $1,000), there is little hope in devising individualized therapy based on a unique genetic profile.
Although it is clear that rare mutations can lead to rare epilepsy phenotypes, the role of rare variants in common forms of epilepsy is more difficult to align with the phenotypic evidence presented by large numbers of patients with similar symptoms and syndromes.
Antieplieptic Drug Response
Based on the large differences observed between individual epilepsy patients' responses to antiepileptic drug (AED) treatment, it is reasonable to suggest that genetic variation plays a role in AED efficacy and tolerability. The field of pharmacogenetics offers great potential for patients and poses serious challenges for researchers and clinicians. Drug efficacy is complicated to study from a pharmacogenetic perspective since it is difficult to distinguish lack of sensitivity of target molecules from inadequate drug access to targets. Drug levels can be measured in serum or plasma, but it is not known how accurately these measurements reflect the levels to which therapeutically critical brain regions are exposed. Thus, genetic variation in both the targets of drug action and molecules regulating pharmacokinetic parameters must be considered.
As AED tolerability is also critical, there is hope that pharmacogenetic There is hope that better understanding of AED pharmacogenetics will explain why some patients are refractory to multiple AEDs. 
Conclusion
Epilepsy is a genetically complex group of CNS disorders that affects about 1% of the population globally. Identification of a variety of rare, causative epilepsy mutations, primarily in ion channel genes such as SCN1A, KCNQ2, and CLCN2, but also in genes not directly related to ion channel function such as CSTB, has helped to guide research but has not led to breakthroughs in understanding or treating the disease.
Identification of susceptibility genes for the vast majority of epilepsy cases is a matter of ongoing investigation. To date, only a small number of susceptibility genes have been confirmed, including KCNJ10, which was nominated as a candidate from a mouse model of seizure susceptibility. Utilization of translational strategies, such as genetic animal models, in combination with advances in technology such as those facilitating comprehensive genome-wide association, mutation screening, and gene expression studies in large numbers of patients, will help to elucidate the complex genetic determinants underlying the risk for developing epilepsy and identify new targets for AED pharmacotherapy. Furthermore, the establishment and application of well-defined clinical criteria for determining the resistance and responsiveness of patients to AEDs will permit analysis of the genetic determinants that influence successful treatment outcome. Such pharmacogenetic studies can be conducted in parallel with those designed to discover susceptibility genes, thus maximizing the value of the large amount of genetic data that will be generated. Despite current limitations in the practical value of genetic data with regard to diagnosing and treating epilepsy, the future holds much promise for patients and clinicians alike. n
